Both oocyte maturation and ovulation is triggered by the luteinizing hormone (LH) surge in vertebrates, but exactly how these processes are regulated by LH remains to be fully elucidated. Previously, we found that Igf3, a fish-specific member of the igf family predominantly expressed in the gonads, could mediate the action of LH on oocyte maturation in zebrafish. Here, we further reveal the importance of Igf3 in mediating the action of LH on ovulation in zebrafish. All the four igf gene family members are expressed in the zebrafish ovary but only the igf3 transcript level is increased in hCG-induced ovulation in vivo. The expression of Igf3 protein in the follicles is also increased during ovulation. The actions of hCG on the expression of ovulatory enzymes and on ovulation itself could be largely mimicked by the recombinant zebrafish Igf3 protein. Intriguingly, the phosphorylation of Igf1r, the receptor for Igf3, could be activated by hCG in the follicular cells during ovulation. And inhibition of Igf3 signaling by Igf1r inhibitors and Igf3 antiserum could significantly attenuate the hCG-induced ovulation. Collectively, all these data support the notion that Igf3 serves as a mediator of LH action in zebrafish ovulation.
Introduction
To ovulate the fertilizable oocyte is the primary function of the ovary. Ovulation is a dynamic process to release the oocyte from the mature follicle, and the follicular cells surrounding the oocyte will be digested before spawning. This process is induced by luteinizing hormone (LH) secreted from the pituitary. During the course of ovulation, the preovulatory follicles undergo dramatic morphological changes. Oocyte maturation occurs by meiosis resumption of the oocyte. The follicular cells surrounding the oocyte are activated to produce a variety of biologically active factors to induce ovulation [1] . Successful ovulation depends on specific cellular and molecular events that occur sequentially and precisely during follicular development. In mammals, less than 1% of the oocytes present at birth are ever released from the ovary surface [2] [3] [4] . Thus, ovulation must be precisely regulated by a series of factors in the right place at the right time.
In the past decades, the mechanism of how LH triggers ovulation has been investigated extensively in different species especially in mammals. The interplay among the epidermal growth factor (EGF), prostaglandins (PGs), and progesterone pathways leads to the expression of dozens of genes including the proteolytic enzymes and immune-related genes, ultimately leading to the release of the oocyte from the follicular wall in mammals [1] . A number of factors have been identified and characterized to be involved in ovulation. Early in the 1960s to 1970s, the central role of LH in ovulation has been recognized. Studies in many species have demonstrated the elevated levels of LH prior to ovulation [5] . Studies in the 1970s to 1990s have begun to reveal the roles of PGs and progesterone in ovulation. The PGs are produced from arachidonic acid through the sequential actions of cyclooxygenase (COX) and specific PG synthases. Two COX paralogs including COX-1 (ptgs1) and COX-2 (ptgs2) exist. Knockout of ptgs2 or the PGE 2 receptor EP2 in mice has indicated that PGs are required for cumulus oocyte complex expansion during ovulation [6] [7] [8] . The ovulation process is also dependent on the increased production of progesterone following LH stimulation of the preovulatory follicles. The essential role of progesterone was demonstrated by progesterone receptor mutant mice [9] . In recent years, one major discovery on ovulation was the involvement of EGF signaling in the ovulation process. Much evidence has demonstrated that EGF-like growth factors act as mediators of LH action in the ovulatory follicles [10] . The discovery of the EGF pathway in ovulation provides the rational link on the regulation of LH signaling of the PGs and progesterone pathways [11, 12] . Our understanding on ovulation in fish lags far behind that in mammals. Similar to mammals, early work on ovulation in fish has demonstrated the importance of PGs and progesterone in ovulation. In recent years, an in vitro ovulation system has been established in several teleost fish [13] [14] [15] [16] . Using an in vitro ovulation system in medaka, a variety of proteolytic enzymes and inhibitors responsible for follicle rupture during ovulation have been identified [17, 18] . Using the TALENs-mediated gene knockout approach, we and others have recently demonstrated the indispensable role of LH signaling and PGR pathway in ovulation [19] [20] [21] [22] . Despite the progress made in understanding the control of fish ovulation, the available information so far is still fragmented and much is still unclear. Only a handful of local paracrine growth factors have been implicated to be involved in the regulation of fish ovulation [23] . Different from mammals, studies in zebrafish do not seem to support the importance of the EGF pathway in mediating the action of LH on the downstream pathways including MAPK signaling [24] . As a major group of growth factors in vertebrates, the role of the IGF system in ovarian development has attracted much attention in past decades [25, 26] . For example, IGF1 mutant female mice are infertile due to follicular development arrest. This mutant fails to ovulate even after administration of gonadotropins [27] . Although the function of the IGF system has been extensively studied in different aspects of ovarian development especially in oocyte maturation [28] [29] [30] [31] , the potential roles of the IGF family in ovulation have been largely unexplored. A novel gonad-specific Igf in teleosts, namely Igf3, was reported by our group [32] . Our previous study has demonstrated the importance of Igf3 in oocyte maturation [33, 34] . In this study, we aimed at investigating its involvement in zebrafish ovulation.
Materials and methods

Animals
AB strain zebrafish (Danio rerio) were used. All fish were maintained under 14-h light/10-h dark cycles in circulating freshwater aquaria (Techniplast, Milan, Italy) at [26] [27] [28] • C. Fish were fed twice daily with newly hatched brine shrimp (Brine Shrimp Direct, Ogden, Utah, USA) manually and fed twice daily with dried fish food (Techniplast) by an automatic machine (Techniplast). Adult females of around 1 year age were used in our study. Fish experiments were conducted in accordance with the regulations of the Animal Experimentation Ethics Committee of The Chinese University of Hong Kong and Northwest Normal University.
Chemicals and reagents
AR grade chemicals and hCG were obtained from Sigma-Aldrich (St. Louis, MO, USA), culture media from Gibco (Grand Island, NY, USA), and enzymes from Promega (Madison, WI, USA). Both zebrafish Igf3 antibody and recombinant zebrafish Igf3 protein were previously made in our laboratory as described in [33] .
RNA isolation and RT-PCR
Total RNA samples were isolated from ovarian follicles of zebrafish using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA). The amount and purity of the RNA were determined on a NanoDrop 2000C Spectrophotometer (Thermo, Waltham, MA, USA). For real-time PCR, elongation factor-1 alpha (ef1a) was used as the internal reference gene. Gene-specific primers used in this study were listed in Table 1 . Real-time PCR was carried out as described in [35] .
Western blot analysis and immunostaining
For western blot, 20 ovulatory follicles at different time points after treatment were collected and lysed. The concentration of lysates was determined by BCA Protein Assay Kit (Pierce, Rockford, IL, USA). Three-microgram lysates were loaded and separated on 10% SDS-PAGE gels. The separated proteins were transferred onto PVDF membranes and immunoblotted with primary antibodies against Igf3 prepropeptide, T-Igf1r (Santa Cruz, CA, USA), P-Igf1r (Tyr 1161, Santa Cruz, CA, USA), and beta-actin (Santa Cruz, CA, USA). The protein bands were visualized by a western blotting kit (Millipore, Billerica, MA, USA) after incubation with secondary antibody conjugated with horseradish peroxidase. For immunostaining, the following procedures were conducted at room temperature. Ovulatory follicles were obtained from adult zebrafish and fixed by immersion in paraformaldehyde in PBS. Samples were dehydrated, infiltrated, and embedded in wax. Sections of ovaries were cut at 5 μm. After antigen retrieval with 0.01 M citrate buffer (pH 6.0), the slides were washed with PTW (PBS, 0.1% Tween) and were blocked for 120 min in 5% serum and 1% BSA in PTW, and incubated with the P-Igf1r (Tyr 1161) overnight at 4
• C. The sections were washed and probed with goat anti-mouse Alexa 555 (Invitrogen, Carlsbad, CA, USA), washed in PBS, cell nuclei visualized with 4 -6-diamidino-2-phenylindole (DAPI) (Invitrogen, Carlsbad, CA, USA) counterstaining, then mounted and photographed on a confocal system with inverted microscope (Olympus FV1000, Tokyo, Japan).
Intraperitoneal injection into adult zebrafish
The procedure of Kinkel et al. [36] was followed with minor modifications. Briefly, after fasting and anesthetization, zebrafish were quickly placed on an agar gel plate. Using a microinjection system (WPI, USA), proteins or chemicals were carefully injected into the midline between the pelvic fins. To test the role of Igf3 in ovulation, 4 μl recombinant Igf3 (0.5 μg/μl) were injected into each fish. Injection of 3 μl hCG (5 IU/μl) into each fish was used as the positive control and injection of 4 μl 60% Leibovitz L-15 medium was used as the negative control. To test the importance of Igf1r activation in LH-induced ovulation, 3 μl hCG (5 IU/μl) were injected with or without 4 μl NVP-ADW742 (10 mM) or 4 μl NVP-AEW541 (10 mM). Injection of 3 μl hCG (5 IU/μl) plus 4 μl DMSO into each fish was used as the positive control and injection of 4 μl DMSO was used as the negative control. To test the importance of Igf3 in LHinduced ovulation, 3 μl hCG (5 IU/μl) were injected with or without 3 μl zebrafish Igf3 antiserum (AS) or 3 μl zebrafish Igf3 preimmune serum (PIS). Injection of 3 μl hCG (5 IU/μl) into each fish was used as the positive control and injection of 4 μl 60% Leibovitz L-15 medium was used as the negative control. In each group, at least five fish were used. After injection, the fish were immediately transferred back to the water tank for recovery. For quantification, the ovaries were carefully dissected out from the injected zebrafish after anesthetization and decapitation. All the FG stage, matured stage and ovulated follicles were manually isolated according to size and morphology. The ovulation percentage in each fish was calculated as the number of ovulated oocytes/(number of ovulated oocytes + number of matured oocytes + number of FG stage follicles).
Primary culture of ovarian follicular cells
Primary culture of zebrafish ovarian follicular cells was performed according to an established protocol [37] . Briefly, follicles of around vitellogenic stage from 15 to 25 females were carefully selected and cultured in 25 cm 2 flask for 6 days in M199 medium plus 10% fetal bovine serum under the condition of 28 • C and 5% CO 2 . The medium was changed on the third day of the incubation. After 6 days, the cells were subcultured in 24-well plates at a density of 100 000 cells per well for 24 h before hormone and drug treatment. For treatment assay, the cells from four wells were used in one group. To analyze the phosphorylation of Igf1r, the cells were collected and lysed after treatment with hCG (20 IU/ml, 1.5 h) for western blot analysis. To analyze the importance of Igf1r activation in LH-induced expression of ovulatory enzymes, the cells were collected using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) after treatment with 1 μl/ml DMSO (as negative control), 20 IU/ml hCG plus 1μl/ml DMSO (as positive control), 20 IU/ml hCG plus 1 μl/ml NVP-ADW742 (10 mM) or 1 μl/ml NVP-AEW541 (10 mM) for 2 h. Total RNA samples were further isolated for real-time PCR analysis.
Statistical analysis
All data were expressed as mean values ± S.E.M. P < 0.05 was considered statistically significant using one-way ANOVA, followed the Fisher's least significant difference test using the GraphPad Instat software (GraphPad Software, USA). Statistical comparisons of two groups were conducted using an unpaired two-tailed Student t-test. All experiments were performed two or three times to confirm the results.
Results
Both Igf3 mRNA and protein are increased during ovulation
We have established a platform for artificial induction of ovulation in zebrafish. Ovulation could be induced at around 3.0 h after injection of hCG (15 IU/fish) ( Figure 1A ). The formation of chorion in matured oocytes can be used as a marker of ovulation. These ovulated oocytes could be fertilized and raised to adulthood, indicating this artificial induction of ovulation could completely mimic the natural ovulation process. Using this platform, the gene expression of the four igfs during ovulation was assessed using real-time PCR. The level of igf1 was not significantly altered during ovulation. The expression of both igf2a and igf2b was significantly decreased at 0.5 or 1.0 h after administration of hCG. In contrast, the expression of igf3 was dramatically increased at 0.5 h after administration of hCG ( Figure 1B) . In order to ascertain whether such changes occur in the follicular cell layer, the expression of these four Igfs was investigated in the follicular cells after administration of hCG. The expression of igf1, igf2a, and igf2b was decreased, but the expression of igf3 was significantly increased after administration of hCG for 2 h ( Figure 1C ). These data suggest the differential regulation of Igfs during ovulation and highlight the role of Igf3 during this process. Furthermore, using an antibody against zebrafish Igf3 prepropeptide, we found that the level of Igf3 protein was also increased during ovulation ( Figure 1D ). All these data indicate that the expression of Igf3 could be induced by LH during ovulation.
Recombinant zebrafish Igf3 protein could induce ovulation in zebrafish
In order to further assess the involvement of Igf3 in ovulation of zebrafish, recombinant zebrafish Igf3 protein was administered into adult zebrafish, using hCG as the positive control. The expression of several key factors in regulating ovulation including plasminogen Each value represents the mean value ± SEM of quintuplicate assays from three independent experiments ( * P < 0.05, * * P < 0.01, * * * P < 0.001 vs. control).
activator (plat), prostaglandin synthase 2a (ptgs2a), and inhibitor of matrix metalloproteinase-2b (timp2b) was dramatically elevated by the administration of hCG (Figure 2A ) or recombinant Igf3 protein for 2 h ( Figure 2B ). As judged by follicle morphology, both oocyte maturation and ovulation was evident in the zebrafish ovaries after the administration of hCG or recombinant zebrafish Igf3 protein ( Figure 2C ). The ratio of ovulated oocytes assessed in the injected zebrafish also showed significant induction of ovulation by hCG or the recombinant Igf3 protein ( Figure 2D) . These results clearly demonstrate that Igf3 can indeed induce ovulation in zebrafish. 
Igf1r is activated in follicles during ovulation in zebrafish
Since Igf3 exerts its action through the type 1 Igf receptors (Igf1r) as demonstrated previously [33] , the regulation and activation of Igf1r by hCG was further examined in ovarian follicles during ovulation. Two types of Igf1r namely Igf1ra and Igf1rb have been identified in zebrafish. Both receptors are expressed in zebrafish and their expression remains rather constant in the follicles during hCG-induced ovulation ( Figure 3A) . The western blot results show that the phosphorylation of Igf1r was activated during ovulation ( Figure 3B ). The immunostaining results further demonstrate that the phosphorylation of Igf1r could be activated in the follicular cells after injection of hCG for 1.5 h ( Figure 3C ). Such activation was further demonstrated in the zebrafish primary cultured follicular cells, where the phosphorylation of Igf1r was stimulated after treatment with hCG for 1.5 h ( Figure 3D ). These data clearly show that Igf1r could be activated in the follicular cells by LH during ovulation.
The essentiality of Igf3 and Igf receptor activation for LH action in ovulation
The importance of Igf1r activation in LH-induced ovulation was further examined. Using primary cultured follicular cells, the stimulatory action of hCG on several key factors involved in ovulation including plat, ptgs2a, and timp2b could be significantly attenuated by two Igf1r inhibitors ( Figure 4A ). Coinjection of hCG with the two Igf1r inhibitors (NVP-AEW541 or NVP-ADW742) could also significantly attenuate the stimulatory action of hCG on ovulation in vivo ( Figure 4B ). In addition, we have employed an Igf3 AS to neutralize the Igf3 in zebrafish. The Igf3 prepropeptide could be recognized by this AS in zebrafish [33] . Our results demonstrate that the hCG-induced ovulation could be significantly attenuated by the Igf3 AS but not by the control PIS in vivo ( Figure 4C ). Taken together, these data indicate that Igf3 and Igf1r activation is required for LH-induced ovulation.
Discussion
Ovulation is a complex sequential process triggered by LH surge which induces the expression of a multitude of ovarian factors. The identification of genes involved in this process is obviously important for understanding the mechanism of ovulation. Previously, a novel gonad-specific Igf member, namely Igf3, was identified by us in teleost [32] . We have recently demonstrated that Igf3 acts as a crucial mediator of LH-induced oocyte maturation in zebrafish [33, 34] . In this study, we have further demonstrated the involvement of Igf3 in ovulation. The following in vitro and in vivo lines of evidence are established in this study: (1) the expression of both Igf3 mRNA and protein is dramatically increased during ovulation; (2) the expression of several key factors involved in ovulation is stimulated by Igf3; (3) recombinant zebrafish Igf3 protein could directly induce ovulation; (4) Igf1r is activated during ovulation; (5) the activation of Igf1r is stimulated by LH in the follicular cells; (6) the stimulatory action of LH on several key enzymes involved in ovulation could be inhibited by the blockade of Igf1r; (7) blockade of Igf1r could attenuate LH-induced ovulation; (8) neutralization of Igf3 by a specific AS could attenuate LH-induced ovulation. Based on these findings, we propose that Igf3 serves as an important mediator of LH in the ovulation of zebrafish ( Figure 5 ).
In order to study the role of Igf3 in zebrafish ovulation, an artificial method for inducing ovulation in vivo by hCG in zebrafish was established. This method is useful for studying the ovulatory process in zebrafish. The four Igfs in zebrafish including igf1, igf2a, igf2b, and igf3 exhibit very different response to hCG stimulation during ovulation. Only igf3 expression is dramatically increased during this process. These in vivo data are consistent with previous studies of our own and that of others obtained from in vitro assays, that igf3 expression could be increased by the LH signaling pathway [29, 33, 34, 38, 39] . In this study, we have provided further evidence that the expression of Igf3 protein is also significantly increased during hCG-induced ovulation. All these data support that Igf3 is the major subtype of Igfs induced by LH signaling in zebrafish ovary, supporting its plausible role in the ovulatory process. Interestingly, the regulation of IGF1 and IGF2 by LH in the ovary has been reported in several mammalian species. For example, IGF2 as the major form of IGF in human ovary could be regulated by LH in granulosa cells [40, 41] . In the mouse ovary, IGF1 as the major form of IGF could be upregulated by LH [42] . These results suggest that the regulation of the IGF system by LH is a rather conserved phenomenon among vertebrates, but with immense species differences in the chosen effector IGF subtype.
The actions of Igfs on follicular growth and oocyte maturation have been well reported in different species [25, 26, 43] . However, very few studies have shown the involvement of Igfs in ovulation. In this study, we have provided definitive evidence showing the involvement of Igf3 in the ovulation of zebrafish. Three genes including plat, ptgs2a, and timp2b have been shown to be essential in fish ovulation [18, 44] , and their expression could be significantly upregulated by Igf3, in a similar way by LH. We have also demonstrated that Igf3 is able to directly induce ovulation. To the best of our knowledge, this is the first report in vertebrates showing that an Igf member could directly induce ovulation. The efficiency of Igf3-induced ovulation is not as high as hCG. This could be explained by the fact that the recombinant zebrafish Igf3 protein expressed and purified from a bacterial source is not fully bioactive, and the action of LH on ovulation is only partially mediated by Igf3. Igf3 exerts its actions through Igf1r as demonstrated previously [38] . We have demonstrated that the phosphorylation of Igf1r could be activated by hCG in the follicular cells during ovulation, and inhibition of such activation could significantly attenuate hCG-induced upregulation of the ovulatory enzymes as well as ovulation itself. More importantly, the neutralization of Igf3 by an Igf3 AS could also attenuate hCG-induced ovulation. All these results provide definitive support to the importance of Igf3 in zebrafish ovulation. In mammals, direct induction of ovulation by Igfs has not been demonstrated, but the available reports have nevertheless indicated the involvement of Igf signaling in ovulation. For example, igf1 mutant female mice are infertile and they fail to ovulate even after administration of gonadotropins [27] . Sequester of IGF1 by IGF binding protein 3 can block hCG-induced ovulation in mice [45] . Correlation between circulating IGF1 concentration and ovulation was also reported in bovine [43] . Therefore, more studies are warranted to study the involvement of Igf signaling in the ovulation of different species.
In recent years, Igf3 has been identified in several fish species including zebrafish [32] , tilapia [32, 46, 47] , medaka [32] , grouper [48] , common carp [49] , and rainbow trout [50] etc., in which the expression of Igf3 is solely or predominantly confined to the gonads. In the zebrafish ovary, we have previously demonstrated the importance of Igf3 in mediating the action of LH on oocyte maturation [33, 34] . In this study, we have revealed the role of Igf3 in mediating the action of LH on ovulation in zebrafish, suggesting that Igf3 is an important downstream mediator of LH action in zebrafish ovary. Interestingly, the importance of Igf3 in mediating the action of FSH on the proliferation and differentiation of spermatogonia has also been recently proposed in zebrafish testis [51, 52] . Therefore, it seems that Igf3 could mediate the action of gonadotropins in the gonads of both male and female zebrafish. In recent years, accumulating evidence has also supported the role of the IGF system in mediating gonadotropin actions in mammals [53] [54] [55] [56] [57] [58] [59] [60] . For example, IGF signaling is essential for FSH-induced activation of Akt in both human and rodent granulosa cells [56, 58] . All these findings highlight the importance of IGF signaling in mediating the action of gonadotropins on gonad development and function in vertebrates.
In conclusion, we have demonstrated that Igf3 serves as a mediator of LH during ovulation in zebrafish. These findings not only supply valuable information on the molecular mechanism of ovulation but also provide insights into a better understanding on the functions of IGF signaling in ovarian functions.
